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1. Simulation Methods 
1.1 ReaxFF simulations 
  Our simulations focused on the most stable (B11Cp)(CBC) phase [16] using the ReaxFF 
derived to fit the quantum mechanics calculations as described below. The ReaxFF calculations 
used the ReaxFF engine incorporated into the large-scale atomic/molecular massively parallel 
simulator (LAMMPS) [22].  
We first optimized the atomic positions and cell parameters to minimize the potential energy and 
geometries. Then we carried out isothermal–isobaric (NPT) MD simulations until the system 
relaxed the internal stresses to zero at300K. Here, we used the Nose–Hoover thermostat and 
barostat (100 fs damping constant for temperature and 2000 fs dumping constant for pressure). 
The integration time step was set to 0.25 fs. The equilibrium density from ReaxFF is ρ0 = 2.56 
g·cm−3, in reasonable agreement with the experimental value of 2.52 g·cm−3 at 300K [5] and the 
QM value 2.53 g·cm−3, at 0 K. 
  We considered shear along two slip systems: (0001)/<101?0> and (011?1?)/<1?101>. For the sake 
of computational convenience, we rotated the equilibrated unit cell for each case so that the x−z 
plane is the slip plane and x is the slip direction in a Cartesian coordinate system. We then 
expanded the rotated cell to a 30 × 20 × 4 supercell (216,000 atoms) for (0001)/<101?0> slip and 
a 50 × 50 × 5 supercell (187,500 atoms) for (011?1?)/<1?101> slip that we sheared at room 
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temperature using reactive dynamics simulations at a constant shear rate of 0.1 ps-1.   
1.2 Quantum simulations 
  The QM calculations were performed with the VASP software package [23-25], using the PBE 
functional and the projector augmented wave (PAW) method to account for the core-valence 
interactions [26]. A kinetic energy cutoff of 500 eV for the plane wave expansions was used to 
give good convergence of the total energies, energy differences, and structural parameters. The 
convergence criteria were set to 1 × 10−4 eV energy difference for solving the electronic wave 
function and 1 × 10−2 eV·Å force for geometry optimization.  
  Ab initio molecular dynamical (AIMD) simulations were performed in the canonical (NVT) 
ensembles using the Nosé thermostat (damping constant 100 fs) to control temperature. 
Newton’s equations of motion were integrated using the Verlet algorithm with a time step of 2 fs 
and Γ-point sampling was used to sample Brillouin zone.   
  We first obtained the amorphous phases from shear deformation by applying shear on a 2 × 2 × 
2 supercell (120 atoms per supercell) along (011?1?)/<1?101> slip system until failure [16]. Then the 
failed structure was relaxed to zero pressure, to form the initial amorphous structure for hydrostatic 
compression. To extract the equation of state (EOS) from hydrostatic compression, the crystalline 
and the sheared amorphous phases ere compressed with a strain increment of 0.02 along each 
direction by scaling the atomic coordination. For each strain, the structure optimization was 
carried out at fixed volume before the AIMD simulations. Finally a 5 ps molecular dynamics 
simulation was performed to extract the pressure at the room temperature.    
  We obtained another amorphous structure using temperature annealing approach on the 
sheared amorphous structure. The sheared amorphous structure was first heated to 3000 K within 
8 ps and then melting at 3000 K for 4 ps. Then, the melted structure was quenched to 10 K 
within 24 ps to form the annealed amorphous structure. The new amorphous structure was 
optimized to zero pressure after annealing. Finally, the annealed structure was compressed to 
obtain the EOS using the same approach as the sheared amorphous structure.   
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2. Nanocluster strategy for synthesizing (B10C2)(Si2). 
  Because of the difficulties in directing the synthesis to achieve such final structures, this is an 
excellent challenge for Materials by Design, using computation to first design the most ductile 
single crystals (as outlined in main text) and then to examine grain boundaries to find 
compositions that avoid stress concentration. Here we start with DFT on single crystals to find 
the best system for shearing to large shear without breaking icosahedra. Then we carry out 
ReaxFF RMD to examine twin formation, amorphous band formation, and cavitation for large 
scale systems. Then we proceed with similar RMD simulations of systems with grain boundaries. 
With such an optimum design in hand, we would have a better chance to develop the synthetic 
strategies. For example to synthesize (B10C2)(Si2) we might first construct (B10C2)X12 
nanoclusters which could then react with Y3Si-SiY3 molecules to form the crystals while 
eliminating XY molecules (here X and Y could be H and Cl).  
3. Elastic properties from ReaxFF and its effects on the deformation mechanism. 
  The parameters used for the ReaxFF were developed to fit the QM results for a training set as 
described in main text. This training set did not include the elastic constants of B4C as part of 
fitting the parameters. To validate the accuracy, we computed the elastic constants for hexagonal 
crystal B4C from the stress−strain relation as a function of various cell distortions from the 
equilibrium lattice configuration [27]. This led to  
C11 = 521, C33 = 550, C13 = 335, C12 = 350, and C44 = 80 GPa at zero temperature, listed in 
Table S1;  
This can be compared with the values from QM simulations using the same procedure  
C11 = 572, C33 = 535, C13 = 73, C12 = 122, and C44 = 171 GPa.  
The experimental values at 298K are  
C11 = 543, C33 = 535, C13 = 64, C12 = 131, and C44 = 165 GPa [28].  
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  To examine how improving the elastic properties might affect the deformation mechanism in 
our simple shear simulation, we improved the current force field by re-fitting the parameters 
while including the uniaxial deformation along [1000] and [0001] direction, as well as the shear 
deformation along (0001)/[10-10] slip system. This modified force field is denoted ReasF2. 
ReaxF2 leads to elastic constants of 
C11 = 501, C33 = 521, C13 = 213, C12 = 238, and C44 = 139 GPa; which is in better agreement 
with experimental and QM values.  
  Then we used the ReaxF2 to redo the shear deformation along slip system (0001)/<10-10>. 
We also performed the same shear deformation using QM on a small system of 45 atoms at zero 
temperature for comparison. The stress-strain relation and the snapshots at various strains for 
ReaxF2 are shown in Fig. S3 and compared to the old ReaxFF and QM. We see that ReaxF2 
leads to a stiffer slope than ReaxFF in the elastic region. Most important is that the ReaxF2 
simulations show the same deformation mechanisms including twinning, amorphous band, and 
cavitation as discovered using ReaxFF.  
  Comparison with the QM calculations is difficult because the small size of the QM periodic 
cell (45 atoms) does not allow the localization in the plastic deformation region needed to 
building in twins or amorphous bands. In addition, the QM calculation is performed at zero 
temperature; making the stress-strain relation stiffer than the finite temperature.  
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Table S1. The elastic constant (GPa) for the hexagonal boron carbide crystal framework. The 
computational values are at 0 K while the experiment is at 300 K 
 
Cijkl QM ReaxFF ReaxF2 Expref[28] 
C11 572 521 501 543 
C33 535 550 521 535 
C12 122 350 238 131 
C13 73 335 213 64 
C44 171 80 139 165 
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Figure S1  
 
Fig. S1. Shear-stress−shear-strain relationship for shear along (01 )/< 101> and (0001)/<10 0> 
slip systems with and without relaxing normal stress. 
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Figure S2 
 
Fig. S2. The equations of state (EOS) for various phases under hydrostatic compression, from 
AIMD simulations. 
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Figure S3 
 
Fig. S3. Stress-Strain relations and snapshots for shear along slip system (0001)/<10 0> using 
ReaxF2 and compared to old ReaxFF and QM. Both ReaxFF show the successive processes of 
twinning, amorphous band formation, and cavitation. Because the QM is limited to 45 atoms/cell, 
it leads to uniform strain throughout the cell, with no plastic deformation until catastrophic 
failure. The twin boundaries are represented by the solid black line. 
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Reactive force field parameters for original ReaxFF for B4C  
Reactive MD-force field                                                          
 39       ! Number of general parameters                             
   50.0000 !Overcoordination parameter             
    4.3822 !Overcoordination parameter             
   21.2839 !Valency angle conjugation parameter    
    3.0000 !Triple bond stabilisation parameter    
    6.5000 !Triple bond stabilisation parameter    
   53.9706 !C2-correction                          
    1.0053 !Undercoordination parameter            
    9.0000 !Triple bond stabilisation parameter    
    7.6280 !Undercoordination parameter            
   14.5067 !Undercoordination parameter            
  -10.0198 !Triple bond stabilization energy       
    0.0000 !Lower Taper-radius                     
   10.0000 !Upper Taper-radius                     
    2.8793 !Not used                               
   33.8667 !Valency undercoordination              
   25.6125 !Valency angle/lone pair parameter      
    1.1177 !Valency angle                          
    1.9645 !Valency angle parameter                
    6.1431 !Not used                               
    6.6623 !Double bond/angle parameter            
    0.1809 !Double bond/angle parameter: overcoord 
    3.9954 !Double bond/angle parameter: overcoord 
   -2.4837 !Not used                               
    4.8815 !Torsion/BO parameter                   
   10.0000 !Torsion overcoordination               
    2.3276 !Torsion overcoordination               
   -1.2327 !Conjugation 0 (not used)               
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    1.7905 !Conjugation                            
    1.5591 !vdWaals shielding                      
    0.1000 !Cutoff for bond order (*100)           
    2.8921 !Valency angle conjugation parameter    
    1.6356 !Overcoordination parameter             
    5.6937 !Overcoordination parameter             
    2.5067 !Valency/lone pair parameter            
    0.5000 !Not used                               
   20.0000 !Not used                               
    5.0000 !Molecular energy (not used)            
    0.0000 !Molecular energy (not used)            
    1.6052 !Valency angle conjugation parameter    
  9    ! Nr of atoms; cov.r; valency;a.m;Rvdw;Evdw;gammaEEM;cov.r2;# 
            alfa;gammavdW;valency;Eunder;Eover;chiEEM;etaEEM;n.u.                
            cov r3;Elp;Heat inc.;n.u.;n.u.;n.u.;n.u.                             
            ov/un;val1;n.u.;val3,vval4                                           
 C    1.3647   4.0000  12.0000   1.9091   0.1597   0.8712   1.2018   4.0000 
      9.5729   2.7769   4.0000  35.6314  79.5548   5.7254   6.9235   0.0000 
      1.2661   0.0000  -0.0526   5.0514  29.6014  11.9957   0.8563   0.0000 
    -17.6107   2.9280   1.0564   4.0000   2.9663   1.6737   0.1421  14.0707 
 H    0.6650   1.0000   1.0080   1.6054   0.0601   0.7625  -0.1000   1.0000 
      9.3943   4.3633   1.0000   0.0000 121.1250   3.8196   9.8832   1.0000 
     -0.1000   0.0000  -0.1611   3.5942   2.8307   1.0000   1.0698   0.0000 
    -18.1553   3.0626   1.0338   1.0000   2.8793   1.2669   0.0139  12.4538 
 B    1.2568   3.0000  10.8110   1.2701   0.1586   0.5400   0.9900   3.0000 
     10.0865   2.0000   3.0000  31.9142  80.0000   2.3294   5.0957   0.0000 
     -1.3000   0.0000  -2.3700  13.1142   3.5132   0.4765   0.0000   0.0000 
     -7.3948   3.5000   1.0564   3.0000   2.8413   1.8463   0.2767  16.2666 
 X   -0.1000   2.0000   1.0080   2.0000   0.0000   1.0000  -0.1000   6.0000 
     10.0000   2.5000   4.0000   0.0000   0.0000   8.5000   1.5000   0.0000 
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     -0.1000   0.0000  -2.3700   8.7410  13.3640   0.6690   0.9745   0.0000 
    -11.0000   2.7466   1.0338   6.2998   2.8793   0.0000   0.0000   0.0000 
 6      ! Nr of bonds; Edis1;LPpen;n.u.;pbe1;pbo5;13corr;pbo6       
                         pbe2;pbo3;pbo4;n.u.;pbo1;pbo2;ovcorr                    
  1  1 142.9877 117.7932  70.0184   0.2152  -1.0820   1.0092  50.0568   0.1436 
         0.1120  -0.1904   8.5003   1.0000  -0.0966   5.9567   1.0000   0.0000 
  1  2 167.5082   0.0000   0.0000  -0.4457   0.0000   1.0000   6.0000   0.6385 
        18.9826   1.0000   0.0000   1.0000  -0.0093   8.5218   0.0000   0.0000 
  2  2 187.8546   0.0000   0.0000  -0.3116   0.0000   1.0000   6.0000   0.6810 
         8.6056   1.0000   0.0000   1.0000  -0.0186   5.7036   0.0000   0.0000 
  1  3  87.2046  87.2719   0.0000   0.6389  -0.5211   1.0000  18.9617   0.3999 
         3.3394  -0.0684  14.3527   1.0000  -0.2034   7.1462   1.0000   0.0000 
  2  3 156.4418   0.0000   0.0000  -0.4687  -0.3000   1.0000  25.0000   0.5711 
         4.9151   0.0000   0.0000   1.0000  -0.0448   5.0368   1.0000   0.0000 
  3  3  95.8586   0.0000   0.0000   0.4809  -0.2500   1.0000  25.0000   0.4061 
         0.4195  -0.2000  15.0000   1.0000  -0.1125   5.2754   1.0000   0.0000 
  3    ! Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2    
  1  2   0.0456   1.7209  10.4263   1.0384  -1.0000  -1.0000 
  1  3   0.1479   1.6161  10.0027   1.5561   1.2444  -1.0000 
  2  3   0.0493   1.5271  10.7353   1.1092  -1.0000  -1.0000 
 11   ! Nr of angles;at1;at2;at3;Thetao,o;ka;kb;pv1;pv2;val(bo)      
  1  1  1  77.0860  49.1556   0.7273   0.0000   0.0933  15.5317   1.0400 
  1  1  2  70.3831  11.5011   7.4039   0.0000   0.0337   0.0000   1.0400 
  2  1  2  69.7271  12.9817   2.0676   0.0000   0.0839   0.0000   1.0400 
  1  2  2   0.0000   0.0000   6.0000   0.0000   0.0000   0.0000   1.0400 
  1  2  1   0.0000   3.2164   7.2937   0.0000   0.0000   0.0000   1.0400 
  2  2  2   0.0000  27.9213   5.8635   0.0000   0.0000   0.0000   1.0400 
  2  3  2  65.0000  25.0000   2.0000   0.0000   2.0000   0.0000   1.0400 
  1  1  3  61.5194  22.1710   1.6392   0.0000   2.0969   0.0000   1.0400 
  1  3  3  68.9652  20.0561   0.9409   0.0000   0.4993   0.0000   1.0400 
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  3  1  3  76.7750  21.9876   0.9829   0.0000   0.1046   0.0000   1.0400 
  1  3  1   0.0000  23.2250   1.0000   0.0000   1.0000   0.0000   1.0400 
  6    ! Nr of torsions;at1;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n 
  1  1  1  1   0.0000  35.6556   0.2614  -6.3913  -1.7021   0.0000   0.0000 
  1  1  1  2   0.0000  61.9992   0.3134  -6.6967  -1.8570   0.0000   0.0000 
  2  1  1  2   0.0000  46.5929   0.3206  -5.5976  -1.0363   0.0000   0.0000 
  0  1  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  2  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  1  1  0   0.0000  12.4562   0.0000  -3.6133  -1.2327   0.0000   0.0000 
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Reactive force field parameters for thenew (ReaxF2) for B4C. 
Reactive MD-force field 
39       ! Number of general parameters                             
   50.0000 !Overcoordination parameter             
    9.4514 !Overcoordination parameter             
   29.8953 !Valency angle conjugation parameter    
  216.5421 !Triple bond stabilisation parameter    
   12.2245 !Triple bond stabilisation parameter    
    0.0000 !C2-correction                          
    1.0701 !Undercoordination parameter            
    7.5000 !Triple bond stabilisation parameter    
   11.9083 !Undercoordination parameter            
   13.3822 !Undercoordination parameter            
  -10.9834 !Triple bond stabilization energy       
    0.0000 !Lower Taper-radius                     
   10.0000 !Upper Taper-radius                     
    2.8793 !Not used                               
   33.8667 !Valency undercoordination              
    3.3976 !Valency angle/lone pair parameter      
    1.0563 !Valency angle                          
    2.0384 !Valency angle parameter                
    6.1431 !Not used                               
    6.9290 !Double bond/angle parameter            
    0.0283 !Double bond/angle parameter: overcoord 
    0.0570 !Double bond/angle parameter: overcoord 
   -2.4837 !Not used                               
    5.8374 !Torsion/BO parameter                   
   10.0000 !Torsion overcoordination               
    1.8820 !Torsion overcoordination               
   -1.2327 !Conjugation 0 (not used)               
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    2.1861 !Conjugation                            
    1.5591 !vdWaals shielding                      
    0.0100 !Cutoff for bond order (*100)           
    4.8414 !Valency angle conjugation parameter    
    3.5857 !Overcoordination parameter             
   38.6472 !Overcoordination parameter             
    2.1533 !Valency/lone pair parameter            
    0.5000 !Not used                               
   20.0000 !Not used                               
    5.0000 !Molecular energy (not used)            
    0.0000 !Molecular energy (not used)            
    6.9784 !Valency angle conjugation parameter    
  9    ! Nr of atoms; cov.r; valency;a.m;Rvdw;Evdw;gammaEEM;cov.r2;# 
            alfa;gammavdW;valency;Eunder;Eover;chiEEM;etaEEM;n.u.                
            cov r3;Elp;Heat inc.;n.u.;n.u.;n.u.;n.u.                             
            ov/un;val1;n.u.;val3,vval4                                           
 C    1.3742   4.0000  12.0000   1.9684   0.1723   0.8712   1.2385   4.0000 
      8.7696 100.0000   4.0000  31.0823  79.5548   5.7254   6.9235   0.0000 
      1.2104   0.0000 183.8108   5.7419  33.3951  11.9957   0.8563   0.0000 
     -2.8983   4.7820   1.0564   4.0000   2.9663   1.6737   0.1421  14.0707 
 H    0.6867   1.0000   1.0080   1.3525   0.0616   0.8910  -0.1000   1.0000 
      9.1506 100.0000   1.0000   0.0000 121.1250   3.8446  10.0839   1.0000 
     -0.1000   0.0000  58.4369   3.8461   3.2540   1.0000   1.0698   0.0000 
    -15.7683   2.1504   1.0338   1.0000   2.8793   1.2669   0.0139 12.4538 
 B    1.2941   3.0000  10.8110   1.2686   0.1594   0.5400   0.9900   3.0000 
     10.0869   2.0000   3.0000  31.9142  80.0000   2.3294   5.0957  0.0000 
     -1.3000   0.0000  -2.3700  13.1142   3.5132   0.4765   0.0000  0.0000 
     -7.3948   3.5000   1.0564   3.0000   2.8413   1.8044   0.2933  16.3032 
 X   -0.1000   2.0000   1.0080   2.0000   0.0000   1.0000  -0.1000  6.0000 
     10.0000   2.5000   4.0000   0.0000   0.0000   8.5000   1.5000   0.0000 
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     -0.1000   0.0000  -2.3700   8.7410  13.3640   0.6690   0.9745  0.0000 
    -11.0000   2.7466   1.0338   4.0000   2.8793   0.0000   0.0000   0.0000 
6      ! Nr of bonds; Edis1;LPpen;n.u.;pbe1;pbo5;13corr;pbo6       
                         pbe2;pbo3;pbo4;n.u.;pbo1;pbo2;ovcorr  
  1  1 141.9346 113.4487  67.6027   0.1554  -0.3045   1.0000  30.4515   0.4283 
         0.0801  -0.2113   8.5395   1.0000  -0.0933   6.6967   1.0000   0.0000 
  1  2 163.6889   0.0000   0.0000  -0.4525   0.0000   1.0000   6.0000   0.5921 
        12.1053   1.0000   0.0000   1.0000  -0.0097   8.6351   0.0000   0.0000 
  2  2 169.8421   0.0000   0.0000  -0.3591   0.0000   1.0000   6.0000   0.7503 
         9.3119   1.0000   0.0000   1.0000  -0.0169   5.9406   0.0000   0.0000 
  1  3 137.4212  57.7547   0.0000   0.6380  -0.5211   1.0000  18.9617   0.3978 
         3.2857  -0.0673  14.3627   1.0000  -0.2054   7.1314   1.0000   0.0000 
  2  3 156.4418   0.0000   0.0000  -0.4687  -0.3000   1.0000  25.0000   0.5711 
         4.9151   0.0000   0.0000   1.0000  -0.0448   5.0368   1.0000   0.0000 
  3  3  56.1356   0.0000   0.0000   0.4822  -0.2500   1.0000  25.0000   0.4085 
         0.5313  -0.2000  15.0000   1.0000  -0.1134   5.2795   1.0000   0.0000   
3    ! Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2    
  1  2   0.0464   1.8296   9.9214   1.0029  -1.0000  -1.0000  
  1  3   0.0566   1.6158  10.0014   1.5543   1.2461  -1.0000 
  2  3   0.0493   1.5271  10.7353   1.1092  -1.0000  -1.0000                
11   ! Nr of angles;at1;at2;at3;Thetao,o;ka;kb;pv1;pv2;val(bo) 
  1  1  1  74.0317  32.2712   0.9501   0.0000   0.1780  10.5736   1.0400 
  1  1  2  70.6558  14.3658   5.3224   0.0000   0.0058   0.0000   1.0400 
  2  1  2  76.7339  14.4217   3.3631   0.0000   0.0127   0.0000   1.0400 
  1  2  2   0.0000   0.0000   6.0000   0.0000   0.0000   0.0000   1.0400 
  1  2  1   0.0000   3.4110   7.7350   0.0000   0.0000   0.0000   1.0400 
  2  2  2   0.0000  27.9213   5.8635   0.0000   0.0000   0.0000   1.0400 
  2  3  2  65.0000  25.0000   2.0000   0.0000   2.0000   0.0000   1.0400 
  1  1  3  59.9877  22.2063   1.6368   0.0000   2.1969   0.0000   1.0400 
  1  3  3  68.9719  60.3562   1.0146   0.0000   0.4926   0.0000   1.0400 
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  3  1  3  77.2499  21.3998   1.0422   0.0000   0.0915   0.0000   1.0400 
  1  3  1   0.0000  22.7875   1.0000   0.0000   1.0000   0.0000   1.0400 
6    ! Nr of torsions;at1;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n 
  1  1  1  1   0.0000  48.4194   0.3163  -8.6506  -1.7255   0.0000   0.0000 
  1  1  1  2   0.0000  63.3484   0.2210  -8.8401  -1.8081   0.0000   0.0000 
  2  1  1  2   0.0000  45.2741   0.4171  -6.9800  -1.2359   0.0000   0.0000 
  0  1  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  2  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  1  1  0   0.0930  18.6070  -1.3191  -9.0000  -1.0000   0.0000   0.0000 
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